Introduction
One of the concerns about the response of arctic ecosystems to climate changes involves whether tundra systems will sequester carbon or whether it will be respired to the atmosphere. Globally, arctic tundra contains some 250 to 455 Pg of carbon in permafrost and the active layer (Oechel and Billings, 1992) . In arctic Alaska, soil carbon ranges from 16 to 94 kg m-3 (Michaelson et al., 1996). Release of this stored carbon to the atmosphere could have a positive feedback on global warming (Oechel and Vourlitis, 1994) , particularly since global CO2 emissions from soils may be exceeding terrestrial net primary production (Raich and Potter, 1995) . Over the past century, carbon storage has probably fluctuated in the Arctic (McKane et al., 1997a), but there is concern that arctic tundra is now a source of CO2 to the atmosphere during the summer (Oechel et al., , 1995 Here we present the results of a summer-long study of ecosystem CO2 flux in dry heath and moist tussock tundra in arctic Alaska in response to experimental increases in winter snow accumulation and summer temperature. Increased snow accumulation is a potential consequence of global climate change, and could lead to a reduction in the duration of the summer snowfree season (Maxwell, 1992) . Summer air temperatures will also likely increase with global warming, perhaps as much as 50C in arctic systems (Maxwell, 1992) . The effects of coupled changes in winter snow cover and summer temperature on CO2 flux are important since independent alteration of either factor is unlikely (Gates et al., 1992) . The purpose of this paper is to describe how increased winter snow accumulation (subsequently reducing growing season length) and increased growing season air and soil temperature affect CO2 fluxes and net carbon gain or loss in moist tussock and dry heath tundra in the Alaskan arctic. This study is being conducted as part of the International Tundra Experiment (ITEX), a collaboration of researchers examining effects of summer warming on arctic and alpine tundra (Henry and Molau, 1997).
Methods

STUDY SITES
This research was conducted in dry and moist tundra at Toolik Lake, Alaska (68038'N, 149038'W, 760 m elevation) in the northern foothills of the Brooks Range. The dry tundra site is an old gravel outwash plain with sparse prostrate vegetation composed primarily of Dryas octopetala, Arctostaphylos alpina, Loiseleuria procumbens, and many lichens. Rock, bare soil, and litter cover more than 25% of the surface. Soils are primarily mineral and freely draining. Winter snow accumulation is typically 30 cm or less, and the site becomes snowfree relatively early in the season, usually by mid-May. The moist site is acidic tussock tundra dominated by Eriophorum vaginatum, Betula nana, mosses, and lichens. Soils are saturated, with a shallow organic horizon. Winter snow accumulation is typically 50 to 80 cm, and this site becomes snow free later than the dry site, usually late-May.
EXPERIMENTAL DESIGN
In July 1994, one 60 m long by 3 m high Wyoming-style snow fence was erected at each site, perpendicular to prevailing winter winds. The purpose was to increase winter snow accumulation, simulating one potential environmental alteration expected to accompany climate change (Maxwell, 1992) . Snowdrifts reached maximum depths of 3 m, extending downwind ca. 25 to 35 m before diminishing to ambient snow depths ca. 50 to 60 m from the fence. Drift depth and cover gradually declined with the onset of summer.
In late June 1995, six plots were established in areas of deepest snow accumulation behind each fence, and six in nearby areas of ambient snow accumulation. At each plot, square bases were installed in the tundra to provide a seal for CO2 flux measurements. These bases were open-ended polyethylene tubes (30 cm x 30 cm x 20 cm high with a 5 cm horizontal lip), set 10 to 20 cm into the tundra. Polyethylene was used to minimize heat transfer. In the dry site, bases were carefully placed around clones of the dominant vegetation, D. octopetala, which covered 34 to 67% of each base area. In the moist site, plots were selected to uniformly include the dominant vascular plant species in this tundra type, primarily E. vaginatum, B. nana, and Vaccinium vitis-idaea.
Three of the six plots in each snow treatment were randomly selected for enhanced summer warming. 
CO2 MEASUREMENTS
Carbon dioxide flux was measured using a system similar to that described by Vourlitis et al. (1993) . A 30 cm X 30 cm X 30 cm Plexiglas chamber was clamped and sealed to the chamber bases, and a closed-system infrared gas analyzer (LiCor 6200, Lincoln, NE) was used to quantify CO2 flux. A small fan mixed the air enclosed in the chamber. Once CO2 concentrations stabilized (typically within 1-2 min), three flux determinations were made at ca. 20-s intervals for each plot. These were subsequently averaged to give a mean flux measurement for each plot. If these three measurements were not within a narrow range of one another (indicating temperature or pressure changes within the chamber during the 60 s measurement period), then the chamber was removed for a short time (ca. 2 min) and the procedure repeated.
Diurnal measurements were made in each plot every 4 h for a 24-h period, and were repeated at approximately weekly intervals at each site beginning 2 June in the dry site and 5 June in the moist site. Final diurnal measurements were made on 29 August in the moist site (n = 12) and 3 September in the dry site (n = 13). In both sites, the first two diurnal measurements were made only on plots in the ambient snow depth zone, since the plots in the deep snow zones were still snow covered.
During the first 6 wk, we measured only net ecosystem CO2 flux (defined in this paper as the sum of ecosystem-level photosynthetic uptake and respiratory losses). Beginning with week 7 in each site (mid-July), we also measured whole ecosystem dark respiration (defined as ecosystem CO2 loss to the atmosphere). Ecosystem respiration measurements were made on a subset of plots (1 plot of each treatment type) during each measurement period, using an opaque blanket to prevent light from reaching the plot. From the net flux and respiration measurements we subsequently calculated whole ecosystem assimilation (defined as ecosystem CO2 uptake only).
STATISTICAL ANALYSIS
Repeated measures analysis of variance was used to test for effects of the snow and warming treatments on each set of CO2 flux data (net flux, whole ecosystem assimilation, whole ecosystem respiration) because we measured the same plots repeatedly during the snow-free season. We followed procedures given by von Ende (1993) and used SAS statistical software (SAS Institute, 1989). Each tundra type was analyzed separately. We note that because we had only one snow fence in each tundra type, our snow treatment was pseudo-replicated. Erecting a minimum of six snow fences in each tundra type was prohibitive for experimental and logistical reasons. Consequently, we treated each open-top chamber or control plot in the deep snow or ambient snow areas of each site as replicates in our statistical analyses.
The fixed effects in our models were the snow and warming treatments, with week the repeated factor. Within-subjects effects were tested using the Huyhn-Feldt correction for sphericity. Profile transformation contrasts were used to compare the mean response measured one week with that measured the week prior in order to test for abrupt changes in CO2 flux. We did not analyze the data in a doubly-repeated fashion (von Ende, 1993); i.e., we did not test for diurnal effects within weekly effects, since the principal interest of the study was the seasonal, rather than diurnal, change in CO2 flux under the experimental treatments. Net ecosystem CO2 flux was analyzed for the entire snowfree season, with the following exceptions. Since repeated measures analysis of variance does not permit missing values, data from the first two diurnal measurements in early June in each site were excluded from the analyses since plots in the deep snow areas were still snow covered. In addition, the last measurement in the dry site (3 September) was excluded from the analyses because of equipment failure during the final measurement. Whole ecosystem assimilation and respiration, measured during weeks 7 to 12, were analyzed in a manner identical with that for net CO2 flux. Data from all measurement periods are shown in the figures. (Table 1) . Soil temperatures were generally --2 to 30C lower in the moist site than in the dry.
Results
SNOW DEPTH AND AIR TEMPERATURE
SEASONAL CO2 FLUX
Net CO2 flux occurred principally as loss to the atmosphere in both dry heath (Fig. 1) and moist tussock (Fig. 2) tundra throughout the growing season; there were few dates on which either dry or moist tundra were net sinks for carbon, regardless of experimental treatment. Even at the peak of the growing season (mid-July), net ecosystem CO2 flux was negative. Carbon dioxide flux rates changed significantly from the beginning to the end of the season for both tundra types (effect of week, P = 0.0001, Table 2a ), but the contrasts indicated no statistically significant week-to-week changes in net CO2 flux. Moreover, there were no strong seasonal patterns apparent in the weekly net flux data (Figs. 1, 2) .
Generally, net CO2 fluxes were more negative in the moist tundra than the dry tundra (Figs. 1, 2 assimilation rates approximately double those of dry tundra ecosystems (Figs. 3, 4 ). Ecosystem respiration rates were similar for both tundra types (Figs. 3, 4) , with the exception of respiration in the moist tundra deep snow plots, which was roughly twice that of the other treatment/tundra combinations.
The experimental warming treatment had a strong negative effect on net ecosystem carbon flux in dry tundra. Net CO2 flux was significantly more negative (i.e., more CO2 efflux to the atmosphere) in warmed plots than those under ambient temperature conditions (week x warming, P = 0.0163, Table 2a ). Net carbon gain in dry tundra occurred only in those plots which received the deep snow and ambient temperature treatments (Fig.  lb) . Over the season as a whole, ecosystem assimilation was significantly greater in the deep snow than in the ambient snow plots (snow X warming, P = 0.0319, Table 2b; Fig. 3 ), but ecosystem respiration did not differ between snow treatments. Ecosystem assimilation changed significantly during the season (effect of week, P = 0.0001, Table 2b), and dropped off sharply during the last measurement period in early September (Fig. 3) . Respiration was unaffected by either the warming or snow treatments in dry tundra, and tended to decline steadily and significantly as the growing season ended (effect of week, P = 0.0001, Table 2c ).
In moist tundra, net ecosystem CO2 flux (Fig. 2) was also significantly more negative (i.e., more CO2 loss) in experimentally warmed plots over the course of the summer than in unwarmed plots (week x warming, P = 0.0215, Table 2a ). There was no significant effect of the snow treatment on net CO2 flux. However, ecosystem assimilation (Fig. 4) was significantly greater in the deep snow plots (week X snow, P = 0.0321, Table 2b), where warming had a positive but nonsignificant effect. Gross ecosystem respiration (Fig. 4) was significantly greater in warmed and deep snow plots for the season as a whole (between subjects effects of warming, P = 0.0090, and snow, P = 0.0001 ,  Table 2c ). However, respiration did not vary significantly among weeks in moist tundra (Table 2c) .
ECOSYSTEM CARBON LOSS
We estimated the net amount of C02-C respired to the atmosphere for the 12-to 13-wk snow-free season by assuming that the mean daily flux rate measured during any one diurnal sampling period was the same for all days until the next measurement period, then summing these daily flux estimates (Table  3) . In both tundra types, the seasonal carbon loss was greater in the experimentally warmed plots than those which experienced ambient temperatures in both snow treatment regimes. In contrast, the effects of the snow drifts depended upon the warming treatment. Under ambient temperature conditions, plots in the deep snow treatment had less total carbon loss than ambient snow plots. In experimentally warmed plots, the opposite occurred; deep snow plots exhibited greater total carbon loss than plots in the ambient snow treatment. In dry tundra, net growing season carbon loss ranged from 11.5 to 33.2 g CO2-C m-2 for unwarmed tundra, and 41.7 to 49.0 g CO2-C m-2 for experimentally warmed plots. In moist tundra, net carbon loss was more pronounced. Unwarmed plots ranged from 38.2 to 40.3 g CO2-C m-2, while warmed plots ranged from 55.7 to 80.8 g CO2-C m.-2
DIURNAL FLUX PATTERNS
Representative diurnal patterns for dry tundra are shown in Figure 5 . Measurements made on 15 June showed net CO2 loss in both ambient and deep snow treatments for the entire diurnal period. In the ambient snow plots, net carbon loss was greatest during the midnight hours, but this pattern was less evident for deep snow plots. Effects of the warming treatment were more pronounced in the ambient snow plots. Mid-season measurements (16 July) showed some net carbon uptake in the late afternoon and morning hours (< 1.5 Rmol m-2 s-1), but net loss the remainder of the day. Greater net gain occurred in the ambient snow plots during mid-season, but there was little difference between the warming treatments at this time. By late season (20 August), however, the effects of warming again became apparent, with more positive net carbon flux in the deep snow plots than the ambient snow plots.
Patterns in the moist site were similar to those in the dry site (Fig. 6) 
Discussion
The net ecosystem carbon loss from both dry heath and moist tussock tundra at Toolik Lake, Alaska, during the 1996 Schimel and Clein (1996) found that soil carbon quality was more important than temperature in regulating microbial respiration, which may help account for the differences we measured between sites. In tundra microcosms examined in controlled environments, Johnson et al. (1996) found that increased temperature led to greater heterotrophic respiration, but that this CO2 loss was offset by enhanced ecosystem assimilation. In the tundra ecosystems we examined in the field, ecosystem assimilation did not compensate for increased ecosystem respiration.
The differing effects of the snow treatment on total carbon loss under the two warming regimes may be related more to the potential effects of the artificial snowdrifts on soil moisture than growing season length. In tussock tundra similar to that at Toolik Lake, Oberbauer et al. (1992) found that high water tables and low soil temperatures inhibited microbial respiration, and that individual rainfall events were sufficient to reduce CO2 efflux. In a study involving irrigation of arctic tundra, Oberbauer et al. (1989) found that adding water to an already-moist system increased photosynthesis in three species. We do not know why ecosystem assimilation was strongly reduced by experimental warming in the deep snow plots in dry heath tundra; assimilation rates were well below those for warmed plots under ambient conditions. Since D. octopetala was the primary species in these plots, strong effects on this one species could have had a major impact on ecosystem-level fluxes relative to the moist tundra, in which several species were present.
The week-to-week variation apparent in the net CO2 flux measurements reflects relatively greater variability in ecosystem assimilation than in ecosystem respiration. Variability in ecosystem assimilation was particularly apparent in the dry site, and was probably related to the predominance of D. octopetala in those plots. Although the magnitude differed with experimental regime, ecosystem respiration in both dry and moist tundra exhibited a steady decline from mid-July to late August. These patterns suggest that ecosystem assimilation is more sensitive to daily weather (e.g., temperature, irradiance) than respiration, and that ecosystem respiration may be relatively more sensitive to season-long climate phenomena. If this holds true over multiple years, then long-term climate patterns may be more important in influencing whether arctic ecosystems are net sources or sinks of carbon, whereas variability in seasonal weather may be more important in determining the magnitude of weekly fluxes.
Studies The net growing season carbon losses in the moist tussock and dry heath ecosystems we examined reflect an inability to sequester carbon via photosynthesis faster than it is respired by soil heterotrophs and roots. Summer and winter carbon efflux patterns indicate that these particular ecosystems are now sources of CO2 to the atmosphere, and that global warming could increase carbon loss. However, climatic changes could lead to different seasonal effects. During the summer growing season, increased winter snow accumulation and a shorter growing season, in the absence of warmer summer temperatures, could result in less carbon loss than is now occurring. This could be offset by increased winter carbon efflux from under deep snow. We found greater CO2 efflux and warmer soil temperatures under the artificial snowdrifts of this experiment than from tundra under ambient snow accumulations (Welker et al., unpublished data). Similarly, natural communities which accumulated snow earlier in the season also had higher CO2 efflux during the winter (Fahnestock et al., 1997; Jones et al., 1999). These findings warrant investigation of a potential carryover effect from winter to summer respiration in this experimenrt. We are currently examining the effects of the snow and warming treatments on a number of environmental and biotic variables, including microbial biomass, soil carbon, and soil moisture, in order to elucidate potential mechanisms for the carbon flux patterns we observed in this study.
